1. Grazing by livestock is a major ecological disturbance, with potential effects on 15 vegetation, soil, and insect fauna. Ants are a diverse and functionally important insect 16 group with many associations with the ground-layer, yet recent global syntheses question 17 the importance of grazing effects on ant communities relative to vegetation or soil. 18 2. We examined the effects of vegetation, soil and grazing on the whole ant community, ant 19 functional groups, and abundant species in temperate eucalypt woodlands, southeastern 20 Australia. 21 3. We found limited influence of grazing on our vegetation and soil measures, except for a 22 positive association between grazing and exotic perennial grass cover. We also found that 23 exotic grass cover had a negative effect on overall ant abundance and richness, but not 24 functional groups or individual species. Soil C:N ratio had a positive effect on the 25 subdominant Camponotini, and leaf litter cover had a positive effect on the abundance of 26 cryptic species. Partial Mantel tests revealed an effect of both environmental and grazing 27 measures on ant assemblage composition, but constrained ordination showed that leaf 28 litter cover, grass biomass, and native and exotic perennial grass cover had stronger 29 correlations with ant community structure than grazing. 30 4. Our study shows that both environmental variation and grazing play a role in driving ant 31 community structure, but that key environmental variables such as grass biomass and leaf 32 litter cover are particularly important in temperate eucalypt woodlands. Monitoring of ant 33 communities to measure the benefits of changed grazing regimes for biodiversity should 34 consider contemporary grazing pressure as well as the underlying effects of variation in 35 plants and soils. 36 37 3
INTRODUCTION

6
Farms were grouped into three blocks, each representing a historical grazing practice of 113 either (i) continuous grazing, (ii) long-term holistic grazing (rotational grazing for greater 114 than 10 years), or (iii) short-term holistic grazing (rotational grazing for less than five years). 115
Farms with continuous grazing allow livestock access to sites all year round, whereas farms 116 with holistic grazing typically rotate higher numbers of livestock through sites, but for a 117 limited duration. On each farm, sites were established with one of three different treatments: 118 analysis. The > 2mm fraction was separated into organic and non-organic components and 164 weighed and then discarded. Total carbon and nitrogen was determined with Dumas 165 combustion analysis (Vario Max, Elementar, Germany) (Matejovic, 1997) . 166
167
Ant sampling 168
We sampled ants using pitfall traps that were 250 ml plastic jars dug in flush with the ground 169 surface, and half-filled with a non-toxic polyethylene glycol solution. Eight traps were placed 170 in each site, with four traps at the corners of a 5 x 5m square at each end of the site, and 171 deployed for two weeks in December 2011 to collect ground-active arthropods. Three of the 172 eight traps were randomly selected and had their ants removed and sorted, with these data 173 pooled to give one sample per site. All sampling approaches have their limitations, and we 174 recognise that our sampling approach favoured spatial replication over sampling intensity 175 within sites, and favoured the more active species of the ant community. 176
All ant specimens were sorted to subfamily, genus, and species (or morphospecies) by a 177 specialist at the Australian Museum, Sydney. We placed each ant species into a functional 178 group using the classification scheme described by Andersen (1995, 1997) (see Table S1 ). 179 cover, leaf litter cover). We weighted our models using the Schwarz Information Criterion 209 (SIC) (Schwarz, 1978) , and present the best two candidate models. All models were run using biplot to identify which ant species were strongly correlated with variation among our sites. 234
For all our multivariate analyses, we removed singletons and square-root transformed ant 235 abundance data to reduce the influence of highly abundant species. 236
RESULTS 238
Variation in grazing and the environment 239
Principle components analysis reduced our 10 vegetation, soil, and grazing measures to three 240 new axes that accounted for approximately 63% of total variation in these variables (Table 1) . 241
The first axis (PC1) had a high negative loading for grass biomass, and positive loadings for 242 leaf litter, number of tree stems, and C:N ratio, and indicates that most variation among sites 243
can be attributed to co-variation among these variables. The sign of these loadings also 244 indicate that grass biomass decreased when litter, tree stems, and soil C:N ratio increased. 245
The second axis (PC2) had a high negative loading for large soil organic fragments, and 246 positive loadings for soil bulk density and native grass cover. The sign of the loadings 247 indicated that the soil organic fragments decreased when soil density and native grass cover 248 increased. Notably, the third axis (PC3) had high positive loadings for exotic grass cover and 249 both short-term grazing measures, indicating these variables co-varied with each other (but 250 not with the other plant and soil measures). 251 252
Question 1: Ant functional groups and individual species 253
We collected 87 species of ant (22 061 individuals) from 78 sites (Table S2 ). The most 254 species-rich genera were the Iridomyrmex (13 species), Monomorium (11 species), Fig 1a, 1b ). Soil C:N ratio was important for the abundance of the subdominant Camponotini 262 (Fig 2a) , the species richness of opportunists, and the abundance of the subdominant 263
Camponotini, dominant Dolichoderinae and cryptic species. Leaf litter cover was an 264 important predictor of the abundance of cryptic species (Fig 2b) . Annual stocking rate was 265 found to be the single most important predictor of the abundance of cold climate specialists 266 (Fig 2c) . For individual species, the best models were more complex than for functional 267 groups. Although all best models of the individual species had at least one environmental 268 predictor, seven of the eight models also had a grazing predictor, with grazing history the 269 most commonly selected variable. For example, the number of days grazed had a negative 270 effect on Iridomyrmex rufoniger (Fig 3a) . Native grass cover, in addition to grazing history, 271 had a positive effect on the generalist Rhytidoponera metallica (Fig 3b) . The opportunist 272
Nylanderia spA was the only individual species that had no grazing variable in the best 273 model and was negatively associated with the number of tree stems (Fig 3c) . Additional 274 details of models are given in Tables S3 and S4.  275 276 Question 2: Ant composition 277
We found that ant assemblage composition was weakly significantly different among sites 278 grouped by grazing history (MRPP: T = -1.97, A = 0.007, P = 0.037), but that pairwise 279 comparisons between grazing blocks were not significant (P > 0.05). 280
Partial Mantel tests indicated a significant correlation between ant assemblage 281 composition and environmental variation when controlling for grazing (r = 0.161, P = 0.002), 282 and geographic proximity (r = 0.156, P = 0.002). We also found a significant correlation 283 between ant composition and grazing when controlling for the environment (r = 0.176, P = 284 0.012). Notably, no significant correlation was observed for geographic proximity whenthe ant community by both the environment and grazing, but not by geographic proximity. 287
The first two axes of the principal coordinate analysis explained 14.3% and 11.2% of 288 the variation in ant species composition respectively. Constraining these axes by the eight 289 environmental and two grazing variables (Figure 4) revealed that most of the environmental 290 variables were more strongly correlated with variation in the ant community than the grazing 291 variables. In particular, grass biomass and leaf litter cover were strongly correlated with ant 292 assemblage structure along the axis 1, but in opposing directions. Similarly, native and exotic 293 perennial grass cover were strongly correlated, but in opposing directions, with variation in 294 ant composition along axis 2. Several ant species were strongly correlated with the ordination 295 axes, and thus representative of distinct assemblages among our sites (Figure 4 ). The 296 generalist Monomorium sordidum and the Dominant Dolichoderine Iridomyrmex purpureus 297 were positively correlated with axis one, and thus characteristic of assemblages found at sites 298 with higher leaf litter. The opportunist Rhytidoponera metallica, generalist myrmecine 299
Monomorium rothsteini, and dominant dolichoderine Iridomyrmex rufoniger had strong 300 positive correlations with axis two, and thus characteristic of assemblages associated with 301 sites with higher native grass cover. Notably, the cold climate specialist Heteroponera 302 imbellis was the only species strongly negatively correlated with both axes 1 and 2, and was 303 characteristic of assemblages associated with higher exotic perennial grass cover. 304
305
DISCUSSION 306
In this study, we examined the influence of livestock grazing and environmental variation on 307 ant assemblages from sites in a temperate agricultural region in southeastern Australia. Our 308 results provide equivocal support for the global prediction that soil and vegetation have a 309 greater effect on ant community composition than grazing (Hoffmann, 2010; Hoffmann &per year were also important for ant abundance, species richness and compositional variation 312 among sites, and suggests a more nuanced role for these different aspects of grazing pressure. 313
Below we discuss our findings in light of the combined effects of the environment and 314 grazing, and the implications of our findings for using reduced grazing to restore ant 315
communities. 316 317
Environmental variation is a key driver of ant community structure 318
We found that at least one environmental variable occurred in all of the best models we 319 constructed, except for abundance of cold climate specialists. This includes the whole ant 320 assemblage, different functional groups and individual species, and demonstrates the overall 321 importance of plant and soil attributes on ant community structure. It is notable that exotic 322 grass cover was an important driver of the abundance and richness of the whole ant 323 assemblage (potentially influenced by outliers, Fig 1a) , but was not important for functional 324 groups of individual species. This higher level response of the ant community, but not 325 functional groups of individual species, suggests that exotic grass cover could be a general 326 predictor of simpler ant communities with lower diversity. Our constrained ordination 327 showed that grass biomass and leaf litter cover were strongly correlated (but in opposite 328 directions) with the strongest gradient in ant compositional variation (axis 1 , Fig. 4 ). This 329 variation is typical of the structure of grassy eucalypt woodlands, where eucalypt trees are 330 interspersed with patches of grassland (Yates & Hobbs, 1997). The heterogeneous structure 331 of grassy woodlands therefore appears to be an important driver of overall assemblage 332 composition as well as key functional groups. For example, the abundance of cryptic species 333 was best explained by leaf litter (Fig. 2b) , which is their preferred habitat (Bestelmeyer &with the number of tree stems, and soil C:N ratio. The abundance of the subdominant 336
Camponotini was positively associated with C:N ratio, indicating they preferred more 337 wooded areas. In contrast, Nylanderia spA (an opportunist) was negatively associated with 338 the number of tree stems, indicating they prefer more open areas, and this was supported by 339 our ordination showing a correlation between sites characterised by Nylanderia and higher 340 grassy biomass and native grass cover. 341
A second important environmental gradient was obvious in our constrained ordination, 342
and was represented by a change from high exotic perennial grass to high native perennial 343 grass cover. Sites with high native grass cover were characterised by the occurrence of the 344 opportunist Rhytidoponera metallica, whereas sites with exotic grass cover were 345 characterised by the presence of the cold climate specialist Heteroponera imbellis. Notably, 346
we also found that exotic grass cover was the best predictor of the abundance and richness of 347 the overall ant community. However, this variable also was correlated with the two short-348 term grazing measures, and highlights the difficulty in separating these confounded and co-349 linear measures. 350
351
Effects of grazing 352
In addition to environmental effects, we also found compelling evidence of both long-term 353 (grazing history) effects and short-term (days grazed, stocking rate) effects of grazing on ant 354 assemblages. Grazing history, stocking rate, or days grazed were frequently identified as 355 important predictors of the abundance or species richness of ant functional groups we 356 examined (but not the whole community). It has been suggested that coarse response metrics 357 such as abundance or richness are often not suitable for detecting the responses of ants to 358 grazing as they can mask the responses of individual species within the assemblage 359 (Hoffmann, 2010). However, we also found a significant (albeit weak) difference in antassemblage composition between the three grazing history blocks. Past grazing practices 361 therefore appear to be an important driver of differences in ant assemblages. Variation in 362 grazing pressure was also correlated with variation in ant assemblage composition, even after 363 controlling for environmental variation, indicating it has a separate effect in addition to the 364 environment. 365
We found that eight of the nine individual ant species we analysed had at least one 366 grazing variable in the best model constructed for them. This is more than the general 367 prediction that approximately one quarter to one third of common ant species will display a 368 response to grazing (Hoffmann & James, 2011), although it was to possible to examine all 369 species. Further, the species for which grazing was important were from a mix of functional 370 groups, and not just opportunists as might be expected. For example, we found that 371 apparently idiosyncratic yet common responses to grazing may be due to the different 376 measures of grazing used in our study compared with others (e.g. fixed treatments vs. 377 continuous measures), or other interacting disturbances that may not be accounted for, such 378 as fire history (Foster et al., 2014) . A key conclusion from our study is that both historical 379 and contemporary grazing practices appear to be important for shaping ant communities, but 380 that these different measures of grazing may each be important in distinct ways. The builds 381 on other studies of grazing impacts on ants (e.g. Bestelmeyer & Wiens, 1996; Hoffmann &structure. However, it remains unclear the degree to which historical grazing practices may 388 have altered the environment in our study area, and we found limited evidence of differences 389 in key environmental variables across the three broad grazing history blocks in our study 390 design. However, our principle components analysis did identify co-linearity between exotic 391 perennial grass cover and short-term grazing measures, suggesting some important 392 Table S1 . Description of ant functional groups. 426 Table S2 . List of ant species arranged by subfamily and functional group, and their count 427 from our pitfall trap samples. Ant specimens were counted and identified to species by a 428 specialist taxonomist, and retained at the Australian Museum, Sydney. 429 Table S3 . Summary of regression models of ant functional groups. 430 Table S4 Axis 1
